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ABSTRACT

Optical see-through head-mounted displays (OHMDs) can provide
just-in-time digital assistance to users while they are engaged in
ongoing tasks. However, given users’ limited attentional resources
when multitasking, there is a need to concisely and accurately
present information in OHMDs. Existing approaches for digital
information presentation involve using either text or pictograms.
While pictograms have enabled rapid recognition and easier use in
warning messages and traffic signs, most studies using pictograms
for digital notifications have exhibited unfavorable results. We thus
conducted a series of four iterative studies to understand how we
can support effective notification presentation on OHMDs during
multitasking scenarios. We find that while icon-augmented notifi-
cations can outperform text-only notifications, their effectiveness
depends on icon familiarity, encoding density, and environmen-
tal brightness. We reveal design implications when using icon-
augmented notifications in OHMDs and present plausible reasons
for the observed disparity in literature.
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1 INTRODUCTION

Optical see-through head-mounted displays (OST HMD, augmented
reality smart glasses, OHMD) [48] allow users to access information
anytime, anywhere. However, in mobile multitasking scenarios—
such as when attending to notifications while walking— attention
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resources allotted to process the digital information presented on
OHMDs are rather limited [71]; thus, it is essential for the informa-
tion presented to be concise and intuitive so that users can quickly
and accurately understand their meaning at a glance. These require-
ments motivate an important research question: How can digital
information on OHMDs be presented in a way to support effective
information acquisition under multitasking scenarios?

Current approaches to digital information presentation involve
using either text (verbal) or pictograms (graphical). While text
is typically the default choice, pictograms have been used in a
number of non-digital scenarios to allow rapid recognition, provide
concise information, and support easier usage [27, 93, 100, Ch 6].
For example, by converting part of the warning messages into
pictograms, traffic road signs became universally understandable
at a glance [27, 52]. Such benefits have been observed in several
other application domains: such as tracking pilot vehicles [13] and
adhering to health warnings [41, 58].

These successful examples have encouraged researchers to in-
vestigate further the potential benefits of incorporating pictograms,
either by themselves or mixed with text, for digital information
display on computing devices (e.g., notifications [88, 98]). Never-
theless, till today, most studies have not revealed favorable results,
as incorporating pictograms in digital notifications has either ex-
hibited no additional benefits or performed worse than using text
only. For example, Warnock et al. [98, 99] have found that there is
no difference between texts and pictograms on users’ primary task
performance and distraction levels. Subsequent studies conducted
by Tanveer et al. [90] and Somervell et al. [88] have shown that, in
fact, users preferred text over pictorial feedback.

This disparity in digital notifications has piqued our interest
and motivated us to investigate this issue further. To ground our
investigations in a practical application domain, this study investi-
gated whether it is possible to enhance the users’ digital notification
reading performance on OHMDs, while they are engaged in a pri-
mary task by replacing part of the text notification with commonly
used pictograms (icons) in the form of icon-augmented notifications.
Specifically, we scoped our exploration on calendar notifications
in stationary and mobile situations due to their high frequency of
occurrence (e.g., more than 8% of total daily mobile notifications
[82]) and high perceived value such as for reminding events or
to-do actions and acting as memory-aids [51, 82, 95]. We conducted
a series of four iterative studies (three laboratory studies and one
in-the-wild study), and our results showed that icon-augmented
notifications could outperform text-only notifications, yet their ef-
fectiveness depends on several factors, including users’ familiarity
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with the icon (i.e., frequency of use and intuitiveness of the de-
picted object [46]), encoding density (i.e., the number of words
represented by the icon), and environmental contexts (e.g., external
lighting). The findings of this study help to shed light on the rea-
sons behind the observed inconsistent results in the literature and
provide insights on when and how icon-augmented notifications
can be used on OHMDs. Finally, we discuss how these results can
be generalized to other types of notifications, i.e., icon-augmented
notifications are suitable when limited secondary information has
to be conveyed, and well-designed icons can be found to represent
the primary information.

The contributions of this paper are threefold: 1) identifying fac-
tors affecting the effectiveness of icon-augmented notifications in
near-eye displays when users are engaged in a primary task; 2) en-
hancing the understanding of how text and pictogram format used
for OHMD notifications differ in terms of interruption, reaction,
and comprehension (IRC framework); and 3) suggesting design
implications when applying icon-augmented notifications in specific
domains (calendar events) and realistic settings (mobile scenarios).

2 RELATED WORK

This research focuses on two goals, 1) enhancing our understanding
of the potential role of icon-augmented notifications in multitask-
ing OHMD usage, and 2) identifying the plausible reasons for the
observed disparity in the previous studies. The related work is or-
ganized into three sub-categories related to these two goals: first,
an overview of notification management research, is provided, then
previous investigations related to notification design on OHMDs
are discussed, and finally, the disparity observed in the literature
related to the effectiveness of using pictograms vs. text in various
contexts is examined.

2.1 Notification management

Although notifications increase the intake of digital information,
enable proactive communication, reinforce a sense of connected-
ness, and help with task management [39, 45, 73, 75], they often
reduce task performance, increase mental load, generate negative
emotions, and disrupt social interactions [1, 7, 23, 40, 54, 57, 62, 89].

To balance access to notification information while minimizing
attention costs [64], researchers proposed several strategies, which
can be broadly classified into three categories: mediating strategies,
which defer notifications until the user is more receptive to them;
indicating strategies, which indicate the availability of the receiving
party to the sending party; and, mitigating strategies, which change
the device or presentation (modality) of the notifications to make
them less distracting [2].

Of all the above strategies, mitigating strategies are the only type
that provides notification information in a timely manner which
can be particularly useful if immediate attention is required. In-
stead of delaying message appearance, mitigating strategies reduce
distraction by re-encoding messages into an easier-to-understand
representation to reduce the cognitive load. This paper investigates
a particular mitigating strategy which is re-encoding partial textual
information into icons.
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2.2 Notifications on OHMDs

Similar to other device notifications, OHMD notifications tend to in-
terrupt the users’ primary tasks and reduce their work performance
[59, 62]. Hence, to minimize interference with primary tasks when
presenting information on OHMD, previous research has focused
on different mitigating strategies, including the use of peripheral
vision [16, 22, 47, 49, 60], adjusting presentation timing [70, 90], ad-
justing presentation modality [20, 24, 31, 59, 70, 90], and adjusting
content placement [19, 53, 80]; with the latter including: content
stabilization [33, 53, 56], alignment [80], and position [19, 53, 80]. In
that regard, Klose et al. [53] and Fukushima et al. [33] explored con-
tent stabilization mechanisms by locking content through world,
body, and head anchoring, and found that text readability improves
with world and body anchoring; however, head anchoring is pre-
ferred for urgent texts such as notifications.

With regard to presentation modality, most of the works have
focused on using multiple sensory modalities (e.g., visual vs. au-
dio) [20, 24, 31, 70], while only a few have focused on using a
single sensory modality [59, 90]. Consequently, this paper focuses
on a single sensory modality, particularly the visual presentation
modality, as it can be combined with other sensory modalities in a
complementary manner [77] and is the predominant output mode
in OHMDs [48]. Concerning a single sensory modality, previous
work includes Lucero and Vetek’s ‘NotifEye’ system [59], where
they used animated butterflies as a cue for incoming notifications
and allowed users to attend OHMD notifications with subtle interac-
tions; however, their focus was on the pre-presentation stage of the
notifications. In comparison, this study focuses on the presentation
of the notification itself and seeks to reduce distraction and pre-
serve communicative effectiveness by modifying the presentation
modality using pictograms.

2.3 Pictograms in notifications

Pictograms, such as graphical illustrations, icons, and signs, are
commonly used in daily navigation and digital applications in com-
puting devices. They are also widely used in general communication,
such as emojis/emoticons in messages [91, 105], communication
in emergency scenarios [32, 103], and for people with intellectual
disabilities [85].

Despite the prevalent usage of pictograms, there is no consensus
on their effectiveness compared to the use of text. A large body of
work, especially in the domain of traffic sign research (for reviews,
see [8, 15]), favors the use of pictograms as they are not dependent
on language [93], allow rapid recognition [27, 52], present informa-
tion concisely [13, 66]. These advantages were demonstrated in a
number of studies that found that pictograms were easier to use
than verbal/text equivalents [14, 93].

On the contrary, another set of previous studies argues against
the above notion [44, 87, 92, 101]. For instance, Warnock et al.
[98, 99] investigated different notification modalities, including
text and pictograms, in a desktop computing context for deliver-
ing home care reminders for older people who were engaged in a
card-matching game; and the authors found that disruption during
the game did not vary with the modality of the notifications. More-
over, Roca et al. [79] compared traffic signs in single words with
pictograms and found that single-word messages were associated
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with better performance (farther reading distances) and required
less visual demands (fewer glances and less glancing times) than
pictograms. In addition, in the case of OHMDs, Tanveer et al. [90]
delivered feedback on OHMDs during public speaking and found
that the feedback in the form of text was more effective and eas-
ier to learn than pictorial feedback. As a result, using pictograms
alone is considered less effective in communicating information as
compared with the use of text [101].

Given this disparity in the literature about the effectiveness of
using pictograms, we are interested in further investigating this
problem to uncover the plausible reasons for such results.

3 ICON-AUGMENTED NOTIFICATIONS ON
OHMDS

In exploring the reasons for differences between pictograms vs.
text, we ground our investigation in a practical HCI problem: how
to design effective notifications on OHMDs for multitasking usage.
In particular, we are interested in whether the incorporation of
icons in OHMD notifications can minimize attention costs (e.g.,
distraction, task interference). Although current mobile notifica-
tions use icons to display the notification source (e.g., app, sender)
in a supplementary manner, the content of the notification is still
entirely displayed using the text format (e.g., Figure 1a) 3, 5]. In
contrast, our work explores how we can represent the content of
the notifications itself partially via icons (e.g., Figure 1b), which is
different from existing approaches.

Icons are symbolic signs of objects and concepts and are widely
used visual representations in user interfaces and traffic signs [14,
93]. Icons are graphical, thus easier to recognize and remember
[93, 100, Ch 6], but unlike pictures— which can lead to a wide
range of interpretations [92]— each icon is typically designed to be
associated with one meaning [14]. In this sense, it is functionally
similar to logographical words (e.g., Chinese characters). A recent
study conducted by Huang et al. [42] using brain imaging has shown
that icons are not cognitively processed as logographical words
(although they both stimulate the semantic system in the brain
that is needed for language processing) but are more similar to
images and pictures. Thus, icons can take advantage of our brain’s
unique capabilities to process images. Icons can be used either
alone or mixed with text. From previous research, we learned that
icons alone could be difficult to interpret [101]; thus, we chose the
alternative approach to mix icons with text to create icon-augmented
notifications and study whether this particular form of notifications
can have any advantages over text alone.

3.1 Icon-augmented notification design

While there are many kinds of notifications, in this investigation,
we focused on calendar notifications as their high frequency in daily
life (M ~ 4, SD > 16 notifications per day according to Table 2
in [82]), uniform structure (sec 3.1.1), and high perceived value
[51, 82, 95].

3.1.1 Notification structure. Calendar notifications could be
thought of as being composed of two parts: 1) primary information
(e.g., event/action) and 2) secondary information (e.g., time, person,
or location). The notification “Meeting in 30 minutes” can thus
be decomposed into “<primary info: meeting, secondary info: 30
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minutes>". To convert the text notification into icon-augmented
notification, primary info was represented using icons, while sec-
ondary info was represented using numbers or text. An example is
shown in Figure 1c. Note that for conciseness, prepositions, such
as the word ‘in’ from the notification “Meeting in 30 minutes” were
removed, and abbreviations were used in the icon-augmented no-
tification, as our pilot studies have shown that they do not affect
comprehension.

3.1.2  Icon selection and design calibration. To reduce the gap of
familiarity, we choose commonly used icons from Google Material
Icons! and Flaticon website (premium license)?. We use outline style
as it has been shown that on OHMDs, outline styles are preferred
as it permits more viewing of the environment, which enhances
multitasking (i.e., navigation) performance [76].

To ensure a fair comparison, three human raters, a designer,
a researcher, and a proofreader, independently evaluated the text
notifications and their corresponding icon-augmented notifications
for similarity in information difference and intuitiveness. Twenty-
four calendar notifications, adapted from real notifications, were
designed in text notification and corresponding icon-augmented
notification sets (e.g., Figure 1c) after two iterations until raters
reached full consensus. See Appendix A.1 for details.

3.1.3  Notification layout. As recommended by Debernardis et al.
[26], all texts on OHMD were displayed in green color with a sans
serif font (Roboto®). Our pilot study showed that text with a font of
50 sp* under equal heights, an icon size of 50sp x 50sp, presented
the best combination for space utilization and clarity on our OHMD
device (Figure 2, sec 5.2). Notifications were displayed on the top-
center position, as recommended by Chua et al. [19] for multitasking
situations where primary tasks require central attention.

4 RESEARCH APPROACH AND OVERVIEW

This research aims to achieve two goals: one practical and one
theoretical. The former goal concerns whether the new design of
icon-augmented notifications can outperform the text-based notifi-
cations in OHMD multitasking scenarios, while the latter aims to
explain the disparity observed in the notification literature about
the effectiveness of pictograms in notifications. Hence, this research
starts with a study to address the first goal and iteratively probes
the problem space based on the empirical findings.

4.1 Study 1: Compare text notifications vs
icon-augmented notifications for
researcher-selected icons

In the first study (sec 5), the design of icon-augmented notifica-
tions was compared to regular text notification in a controlled
multitasking scenario. The results showed that icon-augmented
notifications outperform the regular text notifications in terms of
task performance and reduced distraction. This finding provides

!Material design icons - https://material.io/resources/icons/?style=outline

ZFlaticon website - https://www.flaticon.com/
Shttps://fonts.google.com/specimen/Roboto

4sp represents the scalable pixels which are the same as dp (density-independent
pixels) for default text size, https://developer.android.com/training/multiscreen/
screendensities
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Calendar A

Deb's Birthday
Today

(2)
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Calendar A
M peb

(b)

regular text notification

<primary info, secondary info>

icon-augmented notification

Meeting at 4 pm

<meeting, 4 pm>

% 4 pm

Doctor’s appointment in 2 hours <doctor appointment, 2 hrs> 2 hrs

Figure 1: A comparison between text notifications and icon-augmented notifications. (a) A typical calendar notification [3, 5]
where the content is fully represented by text. (b) The proposed icon-augmented notification where the content is partially
represented via icons. (c) Examples of text notification to icon-augmented notification mapping. Icon sources: Flaticon website

(premium license)

Doctor's appointment in 2 hours

(a) (b)

Figure 2: The notification layout on OHMD. The notifications
are displayed at the top-center position. (a) A text notifica-
tion on OHMD. (b) An icon-augmented notification on OHMD.
Note: Black color in OHMD represents the transparent back-
ground. Icon source: Flaticon website (premium license).

evidence that the proposed icon-augmented notifications can be ad-
vantageous over text notifications; however, this doesn’t address the
second goal, as a careful examination of the study design revealed
a potential confounding variable, filler words (e.g., linking words
between primary info and secondary info, see Figure 1c). Due to
the different affordances between icon-augmented and text-based
notifications, filler words were retained in text notifications but
not in icon-augmented notifications, which resulted in participants
spending additional time reading regular text notifications. Thus,
this confounding variable makes it difficult to draw any conclusion
regarding the effectiveness of pictogram vs text.

4.2 Study 2: Compare icon-augmented
notifications and transformed text
notifications for researcher-selected icons

To eliminate the potential bias, the filler words were removed from
the text notifications, and a second study was conducted (sec 6,
see Figure 5). Before conducting this study and to ensure that the
resulting text notifications are comprehensible, a pilot study with 4

participants was conducted, and the results showed that the removal
of filler words in the text notifications does not significantly affect
their comprehension.

Examining the results of the study 2, it was observed that the
previously observed statistical advantages in icon-augmented no-
tifications from study 1 have disappeared, although the majority
of participants still subjectively preferred icon-augmented notifica-
tions. The results of this study indicated that other than subjective
feelings, replacing text with icons does not bring any statistically
significant advantage.

While this finding is aligned with past studies that showed no ad-
vantages of pictograms over text, it can’t explain why other previous
studies have found advantages in pictograms. Hence, by carefully
examining the design of the first two studies, two additional poten-
tial influencing factors were identified: content familiarity and
encoding density.

Regarding the former factor, due to the difference in training
and practice, participants were more familiar with text stimuli as
they have been using text daily for many years; on the other hand,
participants had less exposure to the icons used in the experiment
and were not familiar with the meanings of all icons. Although we
tried to narrow the gap with training and practice before the exper-
iment, our post-experimental feedback revealed that participants
were still not familiar with all icons used in the experiment, and
such differences could potentially bias the results.

Regarding the latter, encoding density, which refers to the num-
ber of words an icon represents, is another potential influencing
factor. For example, (=) represents ‘Car’, which is one word, but
@ represents ‘No Left Turn’, which is three words. Arguably, the
higher the density, the more efficient the encoding process in the
brain, which can affect the effectiveness of recognizing the notifi-
cations.
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4.3 Study 3: Compare icon-augmented
notifications with transformed text
notifications for user-selected icons

To understand how these two factors may affect the results obtained
from study 2, a third study (sec 7, see Figure 7) was conducted by
improving the participants’ familiarity with the selected icons and
adding encoding density as another independent variable. In par-
ticular, instead of providing a predefined set of icons as stimuli,
participants were allowed to choose their own icons, which is be-
lieved to help in increasing the familiarity with the stimuli.

The results of the study 3 showed that: 1) with increased fa-
miliarity, icon-augmented notifications have again demonstrated
statistical advantage over text notifications, and 2) an interaction
effect between presentation format X encoding density was found.
A detailed analysis showed that the observed advantages in icon-
augmented notifications are mostly attributed to the higher density
conditions but not the lower ones.

Combining the findings of the three studies, a plausible expla-
nation behind the reasons for the inconsistent results observed in
the literature can be deduced; this explanation can be related to
the fact that when comparing the performance of pictogram and
text, many factors come into play. Pictograms can outperform text
in multitasking performance, but with several conditions, which
are: 1) the design of the pictogram needs to be intuitive and un-
ambiguous, 2) users need to be highly familiar with the pictogram,
and 3) the density of the pictogram needs to be high. If any of the
conditions are not met, the advantages of pictograms may not be
observed.

4.4 Study 4: Compare icon-augmented
notifications and transformed text
notifications in realistic settings for
user-selected icons

Examining the performance of icon-augmented notifications on
OHMDs in real life can achieve a better understanding of how
pictograms compare with text. Thus, a fourth study (sec 8) was
conducted in realistic stationary and mobile settings to verify the
generalizability of laboratory findings.The results largely confirmed
the findings from the laboratory studies, where icon-augmented
notifications, when carefully designed, can reduce distraction as
compared to text. However, it also revealed additional factors that
can influence users’ performance, such as the amount of external
lighting.

The above is an overview of the current research, and the next
few sections will present each of the above studies in detail.

4.5 Common setting

All three controlled studies (Study 1, 2, and 3) were based on a
dual-task scenario [72] to validate whether adapting pictorial rep-
resentation reduces attention costs while retaining the content
delivery. A vigilance task (i.e., an attention-demanding task, a per-
ceptual monitoring task) was chosen as the primary task for which
attentional control was measured [78, 84], and users were instructed
to attend to the calendar notifications as the secondary task. Sim-
ilar approaches have been used to measure the attentional cost
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of mobile phone notifications [89] and multitasking on OHMDs
[53, 68].

5 STUDY 1: COMPARE TEXT NOTIFICATIONS
VS ICON-AUGMENTED NOTIFICATIONS FOR
RESEARCHER-SELECTED ICONS

In this study, text notifications and icon-augmented notifications
were compared with the no-notification condition, and the task
performance as well as the user’s preference, were evaluated.

5.1 Participants

Sixteen volunteers (8 females, 8 males, mean age = 22.7 years, SD
= 2.5) participated in this study. All participants had normal or
corrected to normal visual acuity with no reported color or visual
deficiencies/impairments. All participants were from the university
community who had self-reported a minimum level of professional
working fluency in English and were avid smartphone users who
received on average 51 (min = 30, max = 100) notifications per day;
yet, none had prior experiences with OHMDs.

For all studies, the participants consented to the experiments
and were compensated ~ USD 7.25/h for their time. None of the
participants in any study were involved in the subsequent studies.

5.2 Apparatus

The study was conducted in a quiet room under indoor lighting
conditions to provide a consistent user experience and avoid con-
founding factors due to environmental interference [26, 34].

The primary task was displayed on a light grey background on a
23” LCD monitor (refresh rate = 60 Hz, resolution = 1920 x 1080 px)
at eye level (see Figure 3a) and was designed using PsychoPy> [74].
The stimuli of the primary task and notifications were presented at
different depths to simulate attention switching between physical
and virtual backgrounds. Hence, the participants’ eyes were set
to be 70 cm away from the computer monitor, which differs from
the focal length of around 1m [55] used by OHMDs. Moreover, the
notifications were presented in an Epson Moverio BT-300 smart
glasses [28] (Figure 3b), a binocular OHMD with 1280x720 px (30Hz)
resolution display, 23° FoV, and a projected distance of 80 inches at
5m running on Android 5.1 OS (headset weight = 69 g). A BT-300
was selected as our OHMD since its functionality/features are a
subset of the more advanced OHMDs (such as HoloLens2, Nreal
Light, etc.); thus, its results could be better generalized to a wide
range of OHMDs (details at sec 9.2.5).

In addition, a custom-developed Android application was in-
stalled on the OHMD to display custom notifications (Figure 2). A
Python program handled the monitor’s displayed stimuli, pushing
notifications to the OHMD, logging user inputs, and synchronizing
timings (see Appendix E for implementation details).

5.3 Tasks

For the primary (vigilance) task, we adopted the shape detection
task developed by Santangelo et al. [83] and reused by Mustonen et
al. [68] to evaluate the visual task performance of an OHMD. This
vigilance task was chosen for two reasons. First, the vigilance task
is an established representative task that can simulate real-world

5A Python library used for experimental psychology research
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/— Monitor

/— Computer

(b) Epson BT-300 smart glasses

Figure 3: Study apparatus used in the controlled experiments

usage of OHMDs in dynamic and unpredictable environments [68].
This is particularly relevant in situations where attention needs to
be divided between the display (virtual content: notifications) and
the environment (physical content: shape detection), such as walk-
ing in crowded areas. Moreover, this type of task can measure the
degradation of sustained visual attention and perceptual monitor-
ing capabilities when receiving virtual content, which affects gaze,
attention, and situational awareness [68, 69]. Second, a controlled
experimental task is needed for a fair comparison. Although real-
world tasks have higher external validity, they often have many
confounding variables that are hard to control.

During the shape detection task, the visual stimuli continuously
morph between small (15 x 15 mm?) and large (30 x 30 mm?) white
squares for 625 ms in segments that last 3750 ms. While the afore-
mentioned small and large white squares are non-targets (Figure 4),
a target shape that is either a vertical (15 x 30 mm?) or horizontal (30
x 30 mm?) rectangle randomly appears in 88.9% of segments, and
no two rectangles appeared within 1875 ms of each other. Partici-
pants were instructed to press the left mouse button upon detecting
a target rectangle shape at a time limit of 1875 ms, and the total
duration of the task was four minutes to ensure sufficient time for
assessing participants’ attention control [68].

The secondary (notification) task was to attend to the calendar
notifications on the OHMD. Six notifications were randomly dis-
played, during the primary task, with a minimum interval of 20
seconds between each notification and a display duration of 10 sec-
onds, similar to the study conducted by Rzayev et al. [80]. Calendar
notifications designed in sec 3.1 were used in this task.

5.4 Study Design and Procedure

A repeated-measures within-subject design was used to investigate
the participants’ performance on primary and secondary tasks
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for three notification presentation formats: text notification, icon-
augmented notification, and no-notification, with the latter being
used as the comparative baseline. The experiment consisted of three
testing blocks, each with a duration of four minutes, which were
counterbalanced using a Latin square.

5.4.1 Procedure. Participants were first instructed to familiar-
ize themselves with the researcher-selected icon-to-text mapping
(sec 3.1.1).

Next, two verbal recognition tests were administered on OHMD
to verify the participants’ icon recognition accuracy for all icons.
The notifications related to the icons that participants recognized
wrongly in the second test were removed before the training and
testing blocks to minimize the effects of unfamiliar/unintuitive
icons. The resulting notifications (22-24 per participant) were used
by the apparatus (sec 5.2) to show notifications randomly without
repetition.

Afterward, a training session for at least two minutes each in all
conditions was conducted until participants felt comfortable with
the apparatus, tasks (primary and secondary), and questionnaires.
Then, the participants underwent three testing blocks knowing
the condition, and were instructed to attend to the primary task
as quickly and accurately as possible. At the end of each block,
participants filled out a questionnaire that recorded their perceived
behaviors and recalled notifications. A minimum break of two min-
utes with eye exercises was given between blocks to minimize
fatigue.

Upon completion of all blocks, participants filled out a question-
naire with their overall rankings for each format and attended an
8-12 minutes semi-structured post-interview in which they were
asked about the reasons for each ranking, the process, and the
multitasking experience with different formats. Each experiment
comprised one session lasting 40-55 minutes.

5.5 Measures

5.5.1 Primary (vigilance) task. Both accuracy and speed are mea-
sured for the primary task. To measure the accuracy, hit rate (H

= #hit#f% € [0, 1], hit = correct identification of target shape)

6 _ #false alarm
and false alarm rate (F° = #false alarm + #correct rejection € [o0.1],

false alarm = misidentifying a noise signal as a target signal) were
used; while to measure speed, reaction time (RT= response time -
target stimuli start time, in seconds) was used. A failure to respond
within the time limit was considered a miss, and reaction times
were calculated only for the hits.

5.5.2  Secondary (notification) task. Given the attention-utility
trade-off of notifications, McCrickard et al. developed the IRC frame-
work focusing on user goals to evaluate notification systems [63-65].
Their model used three critical parameters: Interruption: an event
prompting transition and reallocation of attention focus from a
task to the notification, Reaction: rapid and accurate response to the
notification stimuli, and Comprehension: remembering and making
sense of the information that the notifications conveyed at a later
time, which captures the multifaceted nature of notifications. These
parameters were used to evaluate the proposed icon-augmented

®Since target % = 88.9% > noise % = 10.1%, the precision of F is lower than that of H
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Figure 4: The stimulus is a square (non-targets = NT) that morphs between small and large sizes in cycles of 625 ms. The
stimulus morphed into the target shape (T = vertical or horizontal rectangle) at random, and participants were instructed to

respond by pressing their mouse button within 1875 ms. This figure depicts the square shapes morphing to target shapes in

3rd znd

morph in 15! segment (0-3750 ms) and morph in

notifications by using operationalized measures [17]; i.e., perceived
cost of interruption for Interruption, noticeability for Reaction, un-
derstandability and recall accuracy for Comprehension (see Table 1).
Additionally, we considered Satisfaction: overall approval of no-
tification, which was operationalized using preference [64]. As
McCrickard et al. [63-65] described, the importance of individual
parameters depends on the situational factors (e.g., context, user
characteristics, information characteristics) as well as the user’s
goals. Therefore, we considered all parameters when analyzing
our experiments to understand the multi-faceted nature of the pro-
posed icon-augmented notifications. For instance, if the notification
is about a reminder for an event that is happening in a few days,
Comprehension would be the most important parameter to evalu-
ate its effectiveness; if it is about an important meeting occurring
in a few minutes that the user does not the recall at the moment,
Interruption would be the most important criteria; lastly, if it is a
notification that requires the user to take immediate action, then
Reaction would be the most important parameter.

Table 1: Measures based on IRC framework [17, 64, 65]. Here
[O] represents objective measures while [S] represents sub-
jective measures.

Parameter Measures
Interruption [S] Perceived cost of interruption (task load)
Reaction [S] Immediate response (noticeability)

Comprehension  [O] Base comprehension (recall accuracy
and understandability)

Satisfaction [S] Preference

5.5.3 Interruption. Perceived task load using raw NASA-TLX
(RTLX, 0-100 scale) [38], Perceived Interruption (‘How much in-
terruption did the notification cause to the task when you attempt
to carry out both simultaneously?’) using a 0-100 visual analogue
scale, and distraction ranking were used to measure the perceived
cost of interruption.

5.5.4 Comprehension. Immediate recall accuracy (Recall Accuracy)
and understandability ranking were used to measure the compre-
hension of each format. Recall Accuracy was calculated for the
notifications displayed while participants were engaged with the

qth

segment (3750-7500 ms). Note: stimuli are not drawn to scale.

primary task, using a questionnaire after each block. Recall Accu-
racy was used in this study in order to simulate the scenario where
certain calendar notifications need to be remembered to take due
action in the future [51, 95]. For each correct primary info, 0.5 points
were assigned, and another 0.5 points were assigned to correct sec-
ondary info when primary info was correct (see Appendix A.2 for
examples).

5.5.5 Reaction. Noticeability ranking was measured to understand
how format affects the rapid detection of notifications.

5.5.6 Satisfaction. Overall preference ranking was used to measure
the desirability of each format.

5.6 Study 1: Results

Each participant completed three blocks and received 12 notifica-
tions and 192 targets. They scored a minimum of 3 (out of 6) for
recall accuracy and more than 72% hit rate at the end of each no-
tification block. One participant’s data was removed as an outlier
since the hit rate deviated more than three times the standard de-
viation away from the mean. Table 2 indicates participants’ mean
performance of measures.

5.6.1 Analysis. A one-way repeated measures ANOVA was used to
analyze the quantitative data when the baseline data were present;
in the cases where ANOVAs assumptions were violated, the Fried-
man test was used. When there was no baseline data, a paired-
sample t-test or Wilcoxon signed-rank test was used. The normal-
ity of the data was tested using the Shapiro-Wilk test, and the
sphericity was tested using the Mauchly test. Finally, as suggested
by Huberty and Morris [43], statistical tests were conducted on
each dependent variable separately as they are conceptually distinct
aspects, and parametric tests were used when non-parametric dis-
tributions could take a large range of values and follow parametric
assumptions.

As for the interview recordings, they were transcribed and an-
alyzed thematically following the process outlined by Braun and
Clarke [11], and the qualitative findings were grouped into themes
to support/oppose quantitative findings.

5.6.2  Primary (vigilance) task performance. As expected, both no-
tification formats significantly reduced the primary task accuracy



CHI 23, April 23-28, 2023, Hamburg, Germany

Janaka, et al.

Table 2: Performance in dual-task scenario (N = 15). Colored bars show the relative value of each measure for different
notification formats. * T # represent significant post-hoc tests (p < 0.05). Here, Text = text notification, Icon = icon-augmented
notification, No = no-notification, H = hit rate, F = false alarm rate, RT = reaction time, and RTLX = Raw NASA-TLX score.

Measure H F RT RTLX Perceived Interruption  Recall Accuracy
Format | M SO M SO M SD M SO M SD M SD
No 0:960*  0.042 |1 0.052 0.108 |70:464* 0.044 | 729.17*T 1735 | - - - -
Icon 0.938*%  0.055 [10.073 0.147 [0.479 0.039 | 48337  16.75 |[/52.00* 21.36 483" 0.88
Text 0.923*"  0.057 [10.086 0.134 | 0.486* 0.050 | 55.17*  18.37 | 63.67F 20.91 4:80° 0.75

(i.e., low hit rate, high false alarm rate) and speed (i.e., low reac-
tion time), indicating that notifications degrade the primary task’s
performance.

However, icon-augmented notification had a higher hit rate, lower
false alarm rate, and shorter reaction time than text notification,
indicating that pictogram format enables it to sustain the primary
task performance better than text format.

e Hit rate: Friedman test revealed a significant effect (y%(2) =
6.778,p=0.035, W = 0.709, strong agreement’) of notification
format. Pair-wise Wilcoxon signed-rank tests with Bonfer-
roni correction indicated that hit rate for no-notification (M =
0.960, SD = 0.042) was significantly higher (ppons < 0.05)
than icon-augmented notification (M = 0.938, SD = 0.055)
and text notification (M = 0.923, SD = 0.057), and that
icon-augmented notification was significantly higher (Z =
69.5, p = 0.050, r = 0.527, large effect®) than text notification.
False alarm rate: There was no significant effect between the
different notification formats.

Reaction time: There was a significant effect of the noti-
fication’s format (Fp25 = 4.401, p = 0.022, n = 0.239,
large effect®). A post-hoc analysis revealed that text noti-
fication (M = 0.486, SD = 0.050) was significantly different
(Pbons < 0.05) from no-notification (M = 0.464, SD = 0.044),
but not significantly different from icon-augmented notifica-
tion (M = 0.479, SD = 0.039).

5.6.3 Interruption. Although both formats significantly increased
the cognitive load compared to no-notification, icon-augmented no-
tification led to a lower cognitive load than text notification.

o Unweighted NASA-TLX: A repeated-measures ANOVA
showed a significant effect (Fz28 = 45.076, p < 0.001,
r]f, = 0.763, large effect) and a post-hoc analysis with
Bonferroni corrections revealed that no-notification (M =
29.17,SD = 17.34) was significantly different (ppon s < 0.001)
from text notification (M = 55.17, SD = 18.37) and icon-
augmented notification (M = 48.33, SD = 16.75), but text
notification was not significantly different (ppons = 0.069)
from icon-augmented notification. Results for individual in-
dices are given in Appendix A.3.

70.3 < W < 0.6 indicates moderate agreement and 0.6 < W indicates strong agreement
[35, 94]

80.3 < r < 0.5 indicates moderate effect and 0.5 < r indicates large effect [37, 94]
%0.01 < 3 < 0.06 indicates small effect, 0.06 < 7% < 0.14 indicates medium effect,

and 0.14 < n5 indicates large effect [37, 94]

o Perceived interruption: A paired-sample t-test showed that
text notification (M = 63.7, SD = 20.9) was significantly more
interruptive (t(14) = 2.93, p = 0.006, d = 0.756, medium
effect!®) than icon-augmented notification (M = 52.0, SD =
21.4).

e Distraction ranking: Eleven out of fifteen participants felt
that text notification distracted their primary task the most
as they often had to read the text over multiple glances, and
it took them longer to absorb information as compared to
the icon-augmented notification. On the other hand, three
participants felt that the icon-augmented notifications were
more distracting due to the lack of familiarity, while the
remaining participant felt that the two formats had equal
distraction levels.

5.6.4 Comprehension.

o Immediate recall accuracy: A Wilcoxon signed-rank test in-
dicated that there was no significant difference between
icon-augmented notification (M = 4.83, SD = 0.88) and text
notification (M = 4.80, SD = 0.75) in terms of Recall Accu-
racy. This also indicates that the secondary (notification)
task performance during multitasking was not affected by
the format.

o Understandability ranking: Six (40%) participants felt that text
notifications were more understandable than icon-augmented
notifications as they did not need to interpret any icons,
while six participants felt that icon-augmented notifications
were easier to understand as they were shorter and easier to
process mentally. The remaining three participants felt that
both formats were equally understandable.

5.6.5 Reaction. Overall, there was no consensus on the noticeabil-
ity of the two formats.

o Noticeability ranking: Seven (47%) participants felt that both
formats were equally noticeable, while five participants felt
that icon-augmented notification was more prominent since
it is pictorially distinct. The remaining three participants felt
that text notification was more noticeable due to their longer
length.

5.6.6 Satisfaction. All participants, except for one (93%), pre-
ferred to receive icon-augmented notifications since icons were
intuitive, shorter, caused less interruption, and were easier to rec-
ognize/interpret over long-term use.

1902 < d < 0.5 indicates small effect, 0.5 < d < 0.8 indicates medium effect, and 0.8

< d indicates large effect [37, 94]
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5.7 Discussion

The results show that icon-augmented notifications had a signif-
icantly higher primary task performance than text notifications.
Hence, it can be deduced that the transformation facilitates mul-
titasking since there was an increase in the primary task’s perfor-
mance while maintaining the secondary task performance (i.e., re-
call accuracy). Similarly, icon-augmented notifications significantly
reduced Interruption while maintaining Reaction and Comprehen-
sion; additionally, they were preferred over text notifications. These
results support the practical goal of this study (sec 4), the proposed
icon-augmented notifications have advantages over text notifications
during multitasking.

Nevertheless, it was observed that additional factors might af-
fect the effectiveness of icon-augmented notifications based on the
feedback from the participants. The presence of filler words in text
notifications may have resulted in participants taking additional
time to read the regular text formats as icon-augmented notifications
used abbreviations while the regular-text version in text notifica-
tions did not. This feedback raised the question of whether the
presence of filler words in text notifications affects its effectiveness
during multitasking; thus, additional studies were carried out to
examine the effect of filler words.

6 STUDY 2: COMPARE ICON-AUGMENTED
NOTIFICATIONS AND TRANSFORMED TEXT
NOTIFICATIONS FOR
RESEARCHER-SELECTED ICONS

To control the effect of filler words and abbreviations, a second
study was conducted to compare icon-augmented notifications with
transformed, filler words removed (e.g., meeting at 4 pm -> meet-
ing 4 pm), text notifications for researcher-selected icons. The same
apparatus (sec 5.2) and task (sec 5.3) used in the previous study
were used in this study.

6.1 Participants

Twelve volunteers (7 females, 5 males, mean age = 23.4 years, SD
= 2.7) participated in this study. They had similar backgrounds to
participants from study 1 (sec 5.1), except for one participant who
had previously used an OHMD for one hour.

6.2 Revised notification design

Following the same notification design procedure in study 1
(sec 3.1.1), researchers selected icons to represent primary info and
text/number for secondary info. To unify information content for the
icon-augmented notification and text notification, the icon-augmented
notification was transformed back to its text format without adding
filler words (Figure 5). The three raters (who were in study 1) eval-
uated the icon-augmented notification and their transformed text
notification to control for information difference and intuitiveness.
If their content differed, the raters changed the text notification until
full consensus was reached amongst the raters. Similarly, if any
icon-augmented notification was not intuitive, the raters changed
the icon.
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6.3 Procedure

All aspects were similar to study I (sec 5.4), except that the no-
notification condition was removed during testing conditions. The
format was fully counterbalanced using a Latin square.

6.4 Results

Participants scored a minimum of 2 (out of 6) for recall accuracy
and more than 68% hit rate at the end of each notification block. Ap-
pendix B.1 indicates participants’ mean performance of measures.

Surprisingly, there were no significant main effects or interaction
effects for any quantitative measures (p > 0.05).

6.4.1 Primary (vigilance) task performance. In contrast to study
1, pictogram format and text format exhibit no significant dif-
ference (e.g., hit rate (pictogram: M = 0.938, SD = 0.080; text:
M = 0949, SD = 0.040, p = 0.50), reaction time (pictogram:
M = 0.481, SD = 0.049; text: M = 0.481, SD = 0.043, p = 0.62)).
These results indicated that when filler words were removed, the ad-
vantage of pictogram format disappeared as there was no significant
difference in primary task measures.

6.4.2 Interruption. There was no significant difference in the per-
ceived cost of interruption (e.g., unweighted NASA-TLX (pictogram:
M = 44.10, SD = 14.72; text: M = 45.66, SD = 13.55, p = 0.55),
perceived interruption (pictogram: M = 47.92, SD = 20.22; text:
M =50.54, SD = 21.00, p = 0.50)).

o Distraction ranking: In contrary to the quantitative measures,
the qualitative feedback still showed that more participants
(7/12) found text format more distracting than the pictogram
format, quoting reasons similar to the ones that collected in
study 1 (sec 5.6.3), while the other participants thought the
opposite; however, the difference was less than that observed
in study 1.

6.4.3 Comprehension. Similar to study 1, there was no significant
difference between icon-augmented notification (M = 4.17, SD =
1.04) and text notification (M = 4.13, SD = 1.31) in terms of Recall
Accuracy.

o Understandability ranking: Slightly more participants (7/12)
felt that the text format was easier to understand since their
meanings were unambiguous, while three participants felt
that the pictogram format was easier to understand since it
was shorter and easier to process mentally, and the remain-
ing two participants felt that both formats were similarly
understandable.

6.4.4 Reaction. Similar to study 1, there was no consensus on the
noticeability levels of the two formats. Six participants felt that
noticeability levels were the same for both formats, while three
participants felt that the text format was more noticeable, and the
remaining three participants felt that the pictogram format was
easier to notice.

6.4.5 Satisfaction. Interestingly, despite the lack of quantitative
evidence, a majority of the participants (10/12) still preferred the
pictogram format. Participants quoted similar reasons for their
preferences as in study 1 (sec 5.6.6).
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Figure 5: Mapping from icon-augmented notifications to transformed text notifications. Icon source: Flaticon website (premium

license).

6.5 Discussion

The results of this study revealed that the exhibit of the filler word
is indeed a confounding variable. When filler words were removed,
the performance between pictogram format and text format be-
came overall comparable, indicating that text reduction influenced
the increased multitasking performance and reduced distraction of
icon-augmented notification in study 1. Yet, three caveats deserve
additional attention. The first is that despite the lack of quantitative
evidence support, the majority of the participants still preferred
pictogram format over text format, indicating it is likely to still
have some advantage (perhaps psychological). The second caveat
is related to identifying a potential confounding variable, content
familiarity, through analyzing the participants’ feedback. While all
participants were familiar with the text content, not all participants
were familiar with the (researcher-selected) icons. First, partici-
pants mentioned that less familiar icons were confusing and harder
to recall, especially if they were not relevant to their personal lives.
Second, some icons contained similar symbols, which confused the
participants. Thus, the different familiarity among the participants
towards the pictogram format and text format stimuli could affect
their performance. The third caveat is related to the encoding capa-
bilities of the icons, which affect the distraction from notifications,
“when icons represent long sentences such as ‘valentine day’, it is way
easier [to focus on the primary task] than text”. In other words, it
was easier to recognize icon-augmented notifications when icons
captured more words than the text notifications.

7 STUDY 3: COMPARE ICON-AUGMENTED
NOTIFICATIONS WITH TRANSFORMED
TEXT NOTIFICATIONS FOR USER-SELECTED
ICONS

In this study, the effects of content familiarity were further con-
trolled by allowing participants to select their own icons (sec 7.2)
and then compared icon-augmented notifications with transformed
text notifications. Additionally, the number of words that each icon
can represent was taken into account in this study by adding en-
coding density as an additional independent variable.

7.1 Participants

Twenty-four volunteers (11 females, 13 males, mean age = 23.7 years,
SD = 3.8) participated in this study. They had similar backgrounds
to the participants of study 1 (sec 5.1), except for three participants
who had in the past used an OHMD for approximately three hours.

7.2 Revised notification design

Since an icon can represent/encode either a single word (e.g.,
<birthday icon> represents ‘birthday’) or multiple words (e.g.,
<medical icon> to represent ‘doctor’s appointment’); hence, in
the context of this paper, encoding density (density) is defined as
the number of words an icon represents. Accordingly, an icon rep-
resenting one word (“birthday”) has an encoding density of 1, while
an icon representing two words (“doctor’s appointment”) has an
encoding density of 2, etc. In this study, density has two levels: one
and two.

Three human raters, two designers and one co-author, chose four
representative icons with outline style (see Figure 6) for primary info
from Google Material Icons, Flaticon website (premium license), and
The Noun Project!?, so that participants could select their preferred
icon.

Using the user-selected icons (e.g., Figure 6a), 36 calendar no-
tifications, each set comprising icon-augmented notifications and
their corresponding (transformed) text notifications (see Figure 7)
were designed similar to study 2 (sec 6.2). Half of them represented
density one, and the other half represented density two.

7.3 Study Design and Procedure

A repeated-measures design was used to investigate participants’
performances on primary and secondary tasks for the two notifica-
tion formats and two densities. Thus, the experiment consisted of
four testing blocks, textone, textiwo, iCONope, and icontyo, each with
a duration of four minutes. The blocks were counterbalanced using
a Latin square.

7.3.1  Procedure. After briefing the participants on the study and
collecting their consent online, they were asked to select their pre-
ferred icon out of four choices (e.g., Figure 6a), and if none of the
given choices matched their preferences, participants were allowed
to suggest new icons. Based on their preference, an icon-to-text
mapping (e.g., Figure 6b) was generated for each participant. The
entire survey took 10-15 minutes and was done a day before the
in-lab study, which allowed the experimenter to prepare materi-
als accordingly and provided participants additional time to get
familiarised with their chosen icons. It is important to note that,
as shown in Figure 6b, the icon-to-text mapping had both icon
stimuli used in icon-augmented notifications and the corresponding
text stimuli used in text notifications; thus, thus, the additional time
benefits not only the icon conditions but both conditions equally.
During the in-lab experiment, verbal recognition tests were first
carried out to remove unfamiliar icons, as was implemented in

https://thenounproject.com/
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Figure 6: User’s icon selection and creation of icon-to-text mapping. Icon sources: Flaticon website (premium license) and The

Noun Project (by IconTrack, ProSymbols).
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Figure 7: Mapping from icon-augmented notifications to transformed text notifications. * shows the text reduction from the
‘regular’ text notification to ‘transformed’ text notification. Icon sources: Flaticon website (premium license) and Google Material

Icons.

study 1 (sec 5.4.1). Following that, a training session with no notifi-
cation and density one notification conditions was carried out until
participants were confident with the apparatus. Then participants
engaged with the four testing blocks, filled out questionnaires, took
breaks, and participated in the post-interview, similar to study 1.
Each participant performed the in-lab experiment in one session
lasting 60-80 minutes.

7.3.2  Measures. The same measures from study 1 (sec 5.5) were
used. Additionally, to quantify the perceived differences in the
two notification formats due to icons’ varying levels of density,
Noticeability: ‘How easy or difficult was it to notice the notification?’
[80] (under Reaction, Table 1) and Understandability: ‘Once you
notice the notification, how easy or difficult was it to understand
what it stands for?’ [80] (under Comprehension) were measured
using 7-point Likert scales where 1 = very difficult and 7 = very
easy.

7.4 Study 3: Results

Each participant received 24 notifications and 256 targets in total
during testing blocks. Participants scored a minimum of 2 (out
of 6) for recall accuracy at the end of each notification block and
yielded more than 67% for the hit rate. Figure 9, Figure 11, and
Figure 10 indicate the mean performance for different measures
(see Appendix C.1, Table 5 for details).

7.4.1  Analysis. Factorial repeated measures ANOVAs or factorial
repeated measures ANOVAs after Aligned Rank Transform (ART
[102]) when ANOVA assumptions were violated, were applied. Ad-
ditionally, pairwise comparisons, paired-sample t-test or Wilcoxon

signed-rank test were used as post-hoc tests, and Bonferroni correc-
tion was applied to p-values for multiple comparisons. Before each
test, ANOVA assumptions were tested, and interview data were
thematically analyzed, similar to study 1 (sec 5.6.1).

7.4.2  Icon selection. All participants found that icon selection help-
ful in recognizing and understanding the meaning of the icons.
Only one participant suggested new icons as he could not find four
matching icons from the given choices. Based on the survey results
and the post-survey interview, all participants chose their icons
primarily based on familiarity. Twenty participants also considered
the clarity and simplicity of icons, while nine considered the pleas-
antness of icons. In comparison, two participants preferred detailed
and skeuomorphic icons, two participants preferred thin outlines,
and three preferred thick outlines. This indicates that people select
icons based on icon properties as well as their personal aesthetic
tastes.

Surprisingly, a massive disparity between the researcher-selected
icons in study 2 and user-selected icons in this study was found
as only 16% of the selected icons matched. For each icon, the
percentage of participants who selected the researcher-selected
icons in study 2 varied between 4% to 75%. Similarly, for each
participant, the percentage of user-selected icons that matched
the researcher-selected icons in study 2 varied between 8% and 53%.
These results indicate individual differences in icon preferences
and the lack of consensus on specific icons due to different mobile
platform usage, and possible unfamiliarity issues that existed in
study 2. For example, Figure 8 shows an example where <email
icon> selection was agreed upon by most participants, while three
different icons were selected as <meeting icon>.
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Figure 8: Icon selection preferences for <email icon> and
<meeting icon> in study 3 (N=24). The majority preferred
Option 1 for <email icon>, while user selection for <meeting
icon> varied between Option 1, 2, & 4. Here Option 4 repre-
sents the researcher-selected icon in study 2.

7.4.3  Primary (vigilance) task performance. Pictogram format had
a significantly higher (p < 0.05) hit rate, while the false alarm rate
and reaction time were comparable to the text format (p > 0.05).
Moreover, the density two degraded the primary task sustainment
of the text format.
o Hit rate (Figure 9a): Repeated-measures ANOVA after ART
revealed a significant main effect of format (Fj g9 = 11.689,
p = 0.001, 1712, = 0.404, large effect [50]) and interaction
effect (Fy 60 = 3.955, p = 0.049, q}J = 0.187, large effect), but
no significant main effect of density. Moreover, there were
significant (p < 0.001) simple main effects for text format and
density two. Post-hoc analyses revealed that the pictogram
format (M = 0.913, SD = 0.066) had significantly higher
(Ppons = 0.001, r = 0.698, large effect) mean hit rate than the
text format (M = 0.881, SD = 0.081); and iconope and icon sy,
had significantly higher (pponr < 0.05) hit rate than textro.
This also indicates that when an icon can represent multiple
words, pictogram format can outperform text format.
o False alarm rate (Figure 9b): There were no significant effects.
e Reaction time (Figure 9c): There were no significant effects.
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010 | 052
0s0] T = oos 0.51
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(a) Hit rate (b) False alarm rate (c) Reaction time

Figure 9: Primary task performance. The X-axis represents
the density, and the error bars represent the standard error.
See Appendix C.1, Table 5 for details.

7.4.4  Interruption. Icon-augmented notifications led to a lower cog-
nitive load and perceived interruption than transformed text notifi-
cations.

o Unweighted NASA-TLX (Figure 10a): Repeated-measures
ANOVAs showed a significant main effect of format (Fy,23 =
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8.164, p = 0.009, 77?, = 0.262, large effect), but no significant
main effect of density or interaction effect. Post-hoc analysis
showed that the pictogram format (M = 51.44, SD = 15.22)
had significantly lower task load (pponf < 0.01,d = 0.374,
small effect) than the text format (M = 56.93, SD = 13.99).
The results for individual indices are given in Appendix C.2.

o Perceived interruption (Figure 10b): There was a significant
main effect of format (Fy 23 = 19.068, p < 0.001, %, = 0.453,
large effect) and interaction effect (Fy,23 = 7.261, p = 0.013,
1712, = 0.240, large effect), but no significant main effect of
density. Post-hoc analyses showed that the pictogram format
(M = 47.50, SD = 18.28) had significantly lower interruption
(Prong < 0.001, d = 0.699, medium effect) than the text
format (M = 60.48, SD = 18.54). Furthermore, icon,, had
significantly lower perceived interruption (pponf < 0.05)
than textone and textyyo.

o Distraction ranking: All participants, except two (92%) men-
tioned that the text format was most distracting since text
required a longer time to read and understand and covered
more space on the OHMD. Moreover, twelve participants
who recognized the difference between the two text formats,
mentioned that text,, caused the highest distraction. The
remaining two participants felt that icons were more distract-
ing as they needed to recall icon meanings to understand
pictogram format compared to text format.
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Figure 10: Interruption. The X-axis represents the density,
and the error bars represent the standard error. See Appen-
dix C.1, Table 5 for details.

7.4.5 Comprehension. Overall, there was no significant difference
between formats for immediate recall accuracy (p = 0.055), but
the pictogram format had a significantly higher understandability
(p = 0.020) than the text format. There were no main effects of
density or interaction effect for any measures.

o Recall Accuracy (Figure 11a): There was no significant dif-
ference (F1,69 = 3.796, p = 0.055) between pictogram format
(M = 4.66, SD = 1.22) and text format (M = 4.29, SD = 1.15).

o Understandability (Figure 11b): There was only a significant
main effect of format (Fy,69 = 5.667, p = 0.020, 1712, = 0.404,
large effect), and the post-hoc analysis indicated pictogram
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format (M = 5.48, SD = 1.15) had significantly higher
(Pponf < 0.05,r = 0.486, large effect) mean value than
the text format (M = 4.79, SD = 1.75). This indicates that
the pictogram format was easier to understand during the
dual-task scenario than the text format when users engaged
in an attention-demanding primary task.

o Understandability ranking: Fourteen participants (58%) men-
tioned that the pictogram format was easier to understand,
easier to interpret, took less time to read, and was more con-
cise. Out of the fourteen, six participants mentioned that
the text format required more “mental effort” to understand
than the pictogram format while switching their attention
between primary and secondary tasks. Four participants
mentioned that they felt no difference between the two for-
mats, while the remaining six participants said that the text
format was easier to understand since it was unambiguous
and did not require any recalling of icons.
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(a) Recall accuracy (b) Understandability  (c) Noticeability
Figure 11: Comprehension and Reaction. The X-axis repre-
sents the density, and the error bars represent the standard
error. See Appendix C.1, Table 5 for details.

7.4.6 Reaction. In contrast to study 2, there was a difference in
noticeability levels between the two formats.

o Noticeability (Figure 11c): There was only a significant main
effect of format (F1 69 = 8.084, p = 0.006, 1712, = 0.252, large
effect), and the post-hoc analysis indicated the the pictogram
format (M = 6.10, SD = 1.08) had a significantly higher
(Pponf < 0.05, r = 0.553, large effect) mean value than the
text format (M = 5.67, SD = 1.19).

e Noticeability ranking: Fourteen participants (58%) felt that
both the text and pictogram formats were equally noticeable;
seven felt that the pictogram format was more noticeable
since icons were more eye-catching, while the remaining
three participants felt that the text format was more notice-
able since they were longer and covered more screen space.

7.4.7  Satisfaction. All participants except two (92%) preferred the
pictogram format over the text format as they felt that icons were
shorter, easier to recognize and understand, and occluded their
OHMD less. Moreover, six of them also noted that, unlike text, icons
were recognizable due to their shape, even while they focused on
the primary task. The remaining two participants mentioned that,
even though both formats caused considerable distractions, the text
format was easier to interpret accurately.
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7.5 Discussion

The results show that pictogram format sustained the primary task
performance in terms of hit rate, particularly when pictogram for-
mat had density two compared to text format. Moreover, indepen-
dent of density, pictogram format reduced the Interruption while
maintaining higher Comprehension and Reaction.

Considering the results of this study and study 2, it can be con-
cluded that user-selected icons improved familiarity, which in turn
enhanced multitasking performance. Although, compared to Study
2, participants received additional time in this study to become
familiar with both icons and texts through repeated self-exposure
[86], user selection is the most likely factor contributing to these
results. First, participants’ selection was based on familiarity, as
detailed in sec 7.4.2. Second, as Shen et al. [86] have found, it takes
considerable time to become familiar with icons, even with repeated
exposure (e.g., more than 3 days with more than 30 minutes of ex-
posure each day). Thus, the survey duration in this study may not
have been long enough to achieve a high level of familiarity through
repeated self-exposure alone. Furthermore, it can be concluded that
the advantages of transforming text format to pictogram format do
indeed depend on replacing texts with icons, as well as the icon
familiarity. Hence, users should be given a choice to select icons for
icon-augmented notifications to minimize interpretative ambiguities;
however, we note that it would be challenging to cater to individual
preferences. Similarly, when comparing this study with study 1, it
can be concluded that making the text more concise also reduces
the interruption of OHMD notifications.

8 STUDY 4: COMPARE ICON-AUGMENTED
NOTIFICATIONS AND TRANSFORMED TEXT
NOTIFICATIONS IN REALISTIC SETTINGS
FOR USER-SELECTED ICONS

To determine whether the results obtained in the laboratory settings
can be generalized to the real world, a realistic qualitative study
involving both mobile and stationary settings was conducted. This
study was designed similarly to study 3 (sec 7), except for its tasks
and procedure. Thus, the same calendar notifications used in study
3 (sec 7.2) were used in this study.

8.1 Participants

Twelve volunteers (6 females, 6 males, mean age = 26.6 years, SD =
3.5) participated in the study. They had similar backgrounds to the
participants of study 1 (sec 5.1).

8.2 Apparatus

Our system (a tablet computer) pushed one notification per minute
onto the OHMD to avoid flooding participants with too many notifi-
cations and provide sufficient notifications to experience the differ-
ences between the two notification formats. This also simulated a
situation in which users were engaged in a remote conversation [6].
Notifications were randomly displayed with a minimum gap of 40
seconds between each. The random presentation mimics situations
where users forget their upcoming events or the events’ notifica-
tions are not created by the user, such as shared calendars. The
notifications were chosen from textone, textiwo, iCONone, ICONtwo
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with equal probabilities such that they alternated between text
format and pictogram format.

8.3 Tasks

8.3.1 Mobile setting: Navigation. Following the approach of Lucero
and Vetek [59], a 1 km outdoor route on the university premises,
which consisted of a shared pedestrian and bicycle trail (with road
crossings) and a 0.2 km indoor route, was chosen (see Appendix D.1).
Participants were familiar with this route and walked the route
(primary task) while wearing the OHMD and attended to (pre-
selected) calendar notifications (secondary task).

8.3.2 Stationary setting: Browsing. Internet browsing of the par-
ticipants’ choice [9] was chosen as the primary task in this setting
and was conducted over 10 minutes on a desktop computer in a lab,
while participants also attended to calendar notifications (secondary
task) on OHMD.

8.4 Procedure

The briefing of the participant, icon selection, and training were
conducted similar to study 3 (sec 7.3.1); however, participants en-
gaged in the training session while walking in a university lab.
As the natural light and weather conditions vary, the time of the
experiment was randomly assigned to increase the generalizability
of the results. Thus, participants completed the study during the
daytime (9 am-6 pm), where they first performed the navigation
task and then the browsing task.

Participants walked the predefined route at their comfortable
pace while wearing the OHMD. The OHMD was equipped with
removable lens shades during the navigation task to ensure the vis-
ibility of notifications in outdoor environments. The experimenter
walked a few meters behind, carrying the system that automati-
cally pushes notifications to the OHMD. Moreover, to ensure the
participants’ safety, the experimenter closely monitored partici-
pants and stopped them from engaging in dangerous behaviors
such as jaywalking. Once participants completed the navigation
task (16-20 minutes), they ranked the formats based on distraction,
noticeability, understandability, and preference.

Subsequently, participants engaged in the browsing task (8-12
minutes) and indicated their preferences for the stationary setting.
In the end, the experimenter conducted a semi-structured interview
to capture the reasons for each choice and understand how partic-
ipants attended to notifications during the mobile and stationary
settings. Each participant completed the study in one session lasting
50-65 minutes.

8.5 Study 4: Results

Some differences in the perception of notifications for mobile and
stationary settings were found. The codes resulting from the the-
matic analysis were grouped based on the task differences and
measures used in study 3.

8.5.1 Interruption. During the navigation task, six participants
felt that the text format was more distracting, especially for longer
text, while the remaining participants did not feel any difference
between the two notification formats.
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During the browsing task, six participants felt that both formats
had similar distraction levels, five participants felt that text format
was more distracting due to primary task interference, while the re-
maining participant felt that pictogram format was more distracting
due to primary task interference.

8.5.2 Comprehension. Overall, there were no significant differ-
ences between the formats for immediate recall accuracy, but
text format showed a higher understandability ranking during the
browsing task.

e Recall Accuracy: During both tasks, participants remem-
bered!? icon-augmented notifications (navigation task: M =
45.2%, SD = 19.1%; browsing task: M = 69.3%, SD =
8.1%) more than text notifications (navigation task: M =
34.5%, SD = 17.2%; browsing task: M = 64.0%, SD = 15.6%)
even though there was no statistically significant difference.

o Understandability ranking: During the navigation task, five

participants felt that both formats were equally understand-
able, four participants felt that the text format was more
understandable, while the remaining three participants felt
that the pictogram format was more understandable.
Similarly, during the browsing task, six participants felt that
both formats were equally understandable, five participants
felt that the text format was more understandable, while
the remaining participant felt that the pictogram format was
more understandable.
Five participants who recognized the varying density of text
format also noted that “short texts and icons [notifications]
were [the] same [easy to understand]. Still, longer texts were
harder to understand”.

8.5.3 Reaction. Results for the navigation task contrasted with
those of the previous studies. Six participants felt that the text
format was more noticeable due to its longer length and more light
emission from OHMD, four participants felt that both formats were
equally noticeable, while the remaining two participants felt that
the pictogram format was more eye-catching.

With regards to the browsing task, eight participants felt that
both formats were equally noticeable; three participants shared
that the pictogram format was more noticeable since icons were
distinct from the browsing text, while the remaining participant
felt text format was more noticeable as it occluded the browsing
content more.

As expected, outdoor lighting conditions affected the visibility
of digital content on OHMD [26, 29, 34] which affected notification
noticeability. All participants felt that notifications were more no-
ticeable indoors than outdoors, and four of them felt notifications
were less visible with a bright or green background due to the lack
of contrast differences.

8.5.4 Satisfaction. Overall, most participants preferred the pic-
togram format regardless of their task.

During the navigation task, nine participants preferred the pic-
togram format, quoting similar reasons to study 3; shorter, easy
to read, less occlusion, and less distraction than the text format.

No of correctly recalled notifications
No of total seen notifications
the differences in participants’ walking speeds

12Here, Recall Accuracy = X 100, which account for
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Two participants shared equal preferences for both formats, and
the remaining participant preferred the text format.

During the browsing task, all except one participant preferred
the pictogram format while the remaining participant preferred the
text format; however, as expected, participants mentioned that their
preference depended on their familiarity with icons.

8.6 Discussion

The real-life settings yielded similar results to the lab-controlled
ones (study 1, and 3) for Interruption (perceived cost of interruption)
and Comprehension (for Recall Accuracy). However, the Reaction
(e.g., noticeability) was affected by lighting conditions, and Com-
prehension (for perceived understandability) was affected by the
complexity of the primary task. Specifically, outdoors, when exter-
nal lighting became high, text format and its longer length became
more noticeable than pictogram format.

Moreover, primary tasks during realistic settings were less
attention-demanding; thus, more attentional resources were avail-
able to attend to the notifications than in lab settings which supports
the finding that text format was perceived as more understandable
than pictogram format during the browsing setting. A comparison
of this result with that of study 3 suggests that when the primary
task’s complexity increased or needed higher attentional control,
users familiar with icons could understand pictogram format better
than text format.

Lastly, five participants felt that their OHMDs shook as they
physically moved, which affected the legibility of the two notifica-
tion formats. All of the participants felt that long texts’ legibility
was more prone to shaking, while one participant felt that the
pictogram format’s legibility was also prone to shaking.

9 GENERAL DISCUSSION

Through study 1, we verified that transforming text notifications to
icon-augmented notifications can reduce the interruption of calen-
dar OHMD notifications and improve primary task performance.
In studies 2 and 3, we found that the advantages of icon-augmented
notifications depended on the users’ familiarity with icons, the num-
ber of words that the icons can represent, and the extent of text
reduction. In lab settings, icon-augmented notifications transformed
from text notifications were equally comprehensible and noticeable;
they were also less interruptive and preferred. Study 4 confirmed
that these results could be largely generalized to real-world situ-
ations, albeit with limitations in terms of noticeability. Overall, it
can be concluded that incorporating icons can indeed minimize
interruption during multitasking without compromising the re-
action and comprehension of OHMD notifications. However, to
achieve such benefits, the icon-augmented notifications need to be
carefully designed according to some influencing factors; such as:
icon familiarity, encoding density, and external brightness.

9.1 Reasons behind the disparity

The findings of our study suggest a plausible reason behind the
observed disparity in literature (sec 2.3). Pictograms are likely to
show advantages if they are highly familiar to the users and have
an encoding density greater than 1; otherwise, they are likely to
show no advantage or generate worse performance than text. This
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phenomenon is reflected in previous studies. Tanveer et al. [90]
reported that participants found text feedback to be more effective
and easier to learn than bar-like pictorial feedback on OHMDs
during public speaking. In their study design, only one-word text
was used; thus, the encoding density was 1. In addition, since the bar
charts used in the experiments are not frequently used in everyday
life, users may not be familiar. Thus, the text condition is likely to
yield better performance. Similarly, Warnock et al. [98, 99] found
no difference between the text and icon formats. In their work, the
information contained in the text and icon-based notifications was
limited to a single word, which equals an encoding density of 1.
This finding is in line with the conclusion in study 3 that when the
encoding density of icons is 1, both formats have a similar level of
distraction for user-selected icons.

On the other hand, most studies favoring pictograms typically
have a relatively small set of well-defined, commonly used pic-
tograms with relatively high encoding density (much higher than
1, often close to 2 or beyond). For example, Ells and Dewar [27]
compared traffic signs with their corresponding pictograms and
found that the results significantly favor pictograms. Upon a closer
examination of the stimuli used, we found that their study one com-
pared eight pictograms with eight text messages. These pictograms
were well defined and easy to understand with an average encoding
density of 1.88, while their study two had fourteen pictograms with
an average encoding density of 2.07. Similar analysis can be applied
to Kline et al’s [52] study as well, where they used four pictograms
with an average encoding density of 1.75.

9.2 When and how to use icon-augmented
notifications

With a better understanding of the conditions in which icon-
augmented notifications can have advantages, we can now discuss
when and how to use them.

First, icon-augmented notifications are less suitable for delivering
general-purpose notifications. This is because the vocabulary of
general-purpose notifications is not restricted, making it difficult
to find suitable icons for the diverse meaning a notification wants
to express. Even if it is possible to find many icons, remembering
them will be challenging for users, and it is unlikely that they will
perform better than pure text-based notifications.

Nevertheless, icon-augmented notifications can be used in special-
ized domains; such as: notifying users of their personalized calendar
or reminder events. Most of the calendar/reminder events are rou-
tine and recurring [51, 95]; thus, they can be easily represented
using a few well-designed icons. Moreover, given the personalized
context of calendars, as many of the events are set by the users them-
selves, it is also much easier for them to understand the meaning
when they see a reminder notification.

In Figure 12, we suggest an approach to convert calendar events
to icon-augmented notifications on OHMDs. Users first identify the
frequent, recurring, or important tasks/events from their personal
calendar, and for each event, the system (or user) identifies the
primary information. The system then provides a set of icons for
users to choose from or allows users to suggest/modify icons if
necessary. Then, they can either directly go to step 4 to create icon-
augmented notifications or use an intermediate scaffolding step (step
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3) where both text and icons are used in a redundant fashion to
help users to learn the associations first, then transit to the more
concise version of icon-augmented notifications later.

In addition to calendar events, OHMDs are used in medical, nav-
igation, and manufacturing domains [67, 97], where users need
higher levels of attentional control. In such specialized domains, it
is easier to define a set of well-designed icons (e.g., [10]) that become
highly familiar to users through repeated use. In such cases, we
envision that icon-augmented notifications can ease the notification
handling on OHMDs. Nevertheless, there are a number of addi-
tional considerations when applying icon-augmented notifications
in practical applications.

9.2.1 Multiple secondary info. In this study, the content of the
notifications was categorized into primary info and secondary info
to transform the text format to pictogram format; yet, this trans-
formation may not be suitable for complex text notifications with
multiple secondary information. Research on text illustrations has
explored the use of an abstraction called ‘meaning space’ to map
text with illustrations [21, 30]. Such literature primarily focuses on
identifying suitable images to illustrate text fragments or vice versa.
By incorporating the guidelines and algorithms used in the text
illustration literature, different transformation techniques can be
evaluated and implemented with existing applications to identify
the optimal transformations for different categories of notifications.

9.2.2  Shared interpretation. Furthermore, when pictograms are
used in communication applications, both senders and receivers
should have a shared understanding of the meaning of pictograms
and sufficient context for interpretation [18]. This may also apply
to icon-augmented notifications when the creator/sender and re-
ceiver are different, such as messenger notifications. However, each
party may build a shared understanding of icon-augmented notifi-
cations with usage over time to overcome this limitation, similar to
emoticons [105].

9.2.3  Using icon-augmented notifications for mobile OHMD usage.
From study 4, we identify that icon-augmented notifications are
easier to perceive in suboptimal conditions during mobile OHMD
usage [27, 100, Ch 6]. Specifically, even though virtual content on
OHMD is blurred when users focus on the physical world, i.e.,
limited OHMD focal distance [47, 48], the pictogram format on
OHMD can be easier to recognize than the text format. This is be-
cause shapes have a larger visual detection angle than text [47, 104].
Moreover, longer text notifications require users to use their cen-
tral vision to read word by word [100, Ch 6], while icon-augmented
notifications can be read using the central vision in a single glance,
reducing recognition effort and time.

9.2.4  One issue related to mobile OMHD usage is external bright-
ness. To overcome the external brightness, designs can increase the
salience of icon-augmented notifications in outdoor environments.
For instance, borders can outline notifications (e.g., Figure 13), or
colors can contrast/blend with the environment (e.g., [4, 25]).

9.2.5 Generalizing results to other OHMDs. Compared to advanced
OHMDs, like Microsoft HoloLens2 (HL2)!3 or Nreal Light (Nreal)!4,

Bhttps://www.microsoft.com/en-us/hololens/hardware
https://www.nreal.ai/light/
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which have a larger FoV (field of view), use 3D content, and support
various anchoring techniques (HL2 and Nreal supports the head,
body, and world anchoring), the OHMD prototype we used, BT-300,
has a smaller FoV, uses 2D content, and supports head anchoring.
Given that the features of BT-300 are a subset of those from HL2 and
Nreal, those HL2 and Nreal that are using similar configurations
to the BT-300 can more easily replicate our results obtained on
BT-300. If the more advanced OHMDs use features that are specific
to their capabilities, e.g., world anchoring, given the limited world
anchoring distance (e.g., recommended distance for HL2 is 1.25m
- 5m 1%) [48], we believe our results still largely hold, as previous
studies comparing pictograms and text-based traffic signs from
the similar physical distance (e.g., [27]) showed favorable results
towards pictograms due to the high encoding density of icons
(sec 9.1).

10 LIMITATIONS

In this study, calendar-related notifications with one secondary info
were investigated and showed that icon-augmented notifications are
an effective alternative for text notifications in the OHMD context.
However, considering the limited number of icons compared to
text, extending the use of icon-augmented notifications to other
types of notifications (e.g., messenger notifications), especially with
multiple secondary info should be done with care as results may
not apply evenly to all types of notifications.

As discussed in study 4 (sec 8.6), external brightness mainly af-
fected the noticeability of icon-augmented notifications, and shaking
mainly affected the legibility of text notifications. With the advance-
ment in technology, such as retinal projection [48] (e.g., Vaunt
glasses!®), the effects of external brightness will be minimized, and
the use of fonts/icons which are less susceptible to shakiness [61]
can minimize legibility issues. Although the selected vigilance task
in Studies 1-3 can mimic dynamic conditions in realistic situations
(sec 5.3), it did not simulate severe conditions, such as bumping
into someone while walking in a crowded street. It also did not
include scenarios involving potential danger that one can encounter
in real-life augmented reality usage (e.g., reduced depth of focus
and reaction time [81]). Similarly, even though Study 4 verified the
ecological validity during walking, it did not test the many possible
real-world scenarios in which people can engage in other tasks
while attending notifications (e.g., conversing [80], reading and
walking obstacle-rich environments [96]). Thus, further validation
in a variety of realistic scenarios can further enhance the ecological
validity of our results. However, we believe the pictogram format
will have a higher salience during shakes, be easier to perceive in
sub-optimal conditions (sec 9.2.3), and provide higher attention
control (sec 5.7, sec 9.2); thus, offering more advantages during
those scenarios over text format.

Furthermore, we only considered the notification content to
isolate the effects of text and pictorial formats; however, in the
event that we add additional elements such as app sources, which
are currently present on mobile phone notifications (e.g., Figure 1a)
[3, 5], the visualization of the notification needs to be re-arranged.

Shttps://learn.microsoft.com/en-us/windows/mixed- reality/design/comfort
16https://www.theverge.com/2018/2/5/16966530/intel-vaunt-smart- glasses-
announced-ar-video
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Figure 12: The above illustration describes the guidelines for converting OHMD text notifications to icon-augmented notifications
and applying the guidelines to convert calendar events into icon-augmented notifications. The group meeting event is highlighted
as an elaborated example. Icon sources: Flaticon website (premium license), Google Material Icons, and The Noun Project (by
Matt Brooks). Note: * indicates a scenario where there is more than one secondary info that is not investigated in this paper.

Current OHMDs notifications (e.g., Google Glasses [36]) use the
same layout elements as notifications on mobile phones to preserve
consistency, though this may not be optimal for all OHMDs, which
is outside this study’s scope.

Finally, we also note that our studies only examined notifications
for short durations for tech-savvy participants in limited realistic
scenarios. Although our sample sizes are moderate [12], given the
medium and large effect sizes, the results are generalizable to similar
populations. However, the results do not capture long-term effects
and may not evenly apply to other populations, such as older adults
and people with visual impairments.

11 CONCLUSION

We proposed that transforming text notifications to icon-augmented
notifications can reduce the interruption of OHMD notifications
and enable better multitasking when designed properly. Using three
controlled experiments, we demonstrated that icon-augmented no-
tifications are advantageous on OHMDs, as pictograms can richly
convey meanings of multiple texts, and the text content can be
shortened. In addition, two plausible reasons (i.e., icon familiarity
and encoding density) were identified for the observed disparity
in literature (sec 2.3) related to the effective use of pictograms
in notifications. Using a realistic setting, results from controlled

experiments were applicable to realistic situations but with notable
constraints when using an outdoor setting.

Considering the inherent properties of pictograms (sec 2.3,9.2.3),
we believe that our results on icon-augmented notifications are gener-
alizable to visual notifications in other computing devices, although
we only verified them for OHMDs. Furthermore, we believe icon-
augmentation can be applied to other digital information presenta-
tions outside notifications which still need further investigation.

Future work can be geared towards transforming more complex
text notifications to pictogram formats, considering the effects of di-
verse backgrounds and capabilities of various OHMDs with the help
of eye-tracking, which will enable the widespread and mainstream
use of pictograms in notifications.
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(d) OHMD icon-augmented notification in outdoor
without border (top) or with border (bottom)

Figure 13: Effects of external brightness/lighting on the no-
ticeability of OHMD notifications. In indoor situations with-
out bright external light, both text and pictogram formats
have similar noticeability and legibility (a vs. c). But in out-
door conditions with bright external light, the longer text
format is more noticeable than, the more concise pictogram
format (b vs. d — top). Thus, it’s recommended to increase
the visual footprint of the icon-augmented notification (e.g.,
add a border to increase its noticeability, d — bottom). Note:
This figure may need to be viewed in color to see the differ-
ences more clearly. Icon source: Flaticon website (premium
license).

of the National Research Foundation or the Ministry of Education,
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A STUDY 1
A.1 Calendar notifications

Table 3 represents the calendar notifications used in study 1.

A.2 Recall Accuracy calculation

Consider a hypothetical case where a participant sees two notifica-
tions ‘<meeting, 4 pm>’ and ‘<birthday, tomorrow>’. If the partici-
pant recalled only one notification, ‘<meeting, tomorrow>’ (e.g., the
participant wrote ‘meeting is on tomorrow’ in the questionnaire),
they would get only 0.5 points since ‘tomorrow’ (secondary info) is
not the correct secondary info for ‘meeting’(primary info). Since
six notifications were displayed during testing blocks, participants
could score a maximum of 6 points for Recall Accuracy in each text
notification or icon-augmented notification format.

A.3 Individual NASA-TLX Indices

Overall icon-augmented notifications had a lower task load than text
notifications, as shown in Figure 14. A repeated-measures ANOVA
showed significant main effects of notification format on the overall
score (Fz28 = 45.076, p < 0.001) as well as all individual indices
(p < 0.001), except for Physical Demand. A post-hoc analysis with
Bonferroni correction revealed that no-notification yielded signif-
icantly lower (p < 0.001) task load results than text notification
and icon-augmented notification for all measures except Physical
Demand.

Furthermore, icon-augmented notification was significantly lower
(p < 0.10) than text notification for overall score and Frustration.
On all indices, including overall score (Figure 14), the sorted or-
der of task-load from lower to higher was; no-notification < icon-
augmented notification < text notification.
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Table 3: Twenty-four calendar notifications used in study
1 with their text format and pictogram format. These are
adapted from real mobile-phone notifications. Icon sources:
Google Material Icons and Flaticon website (premium li-
cense). Each icon’s source is attached as a hyperlink to the
icon itself.

text format pictogram format
Meeting at 4 pm % 4 pm
Doctor’s appointment in 2 hours 0&7 2 hrs
Lunch with Lee f@‘ Lee
Birthday party tomorrow % 1d
Visitor coming on Friday Bﬁ Friday
Car is arriving in 5 minutes ﬁ 5 min
Email meeting agenda agenda
Delivery in 3 days =, 3d
Pay $100 E@ $100
Credit card bill today S today
Presentation at noon 12 pm
Pay rental on Monday Monday
text format pictogram format
Buy milk and eggs tonight &D tonight
Exercise in 40 minutes & 40 min
Check flight status + status
Reply Alex <ﬁ Alex
Coffee break at 3 pm Q 3 pm
Renew driving license renew
Backup computer tonight G? tonight
Movie on Friday ﬂ Friday
Download the e-bill & e-bill
Cycling at 6 pm o‘% 6 pm
Call Mary {q Mary
Valentine day in 2 weeks @ 2 wk
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https://www.flaticon.com/free-icon/money_2510709
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Figure 14: NASA-TLX scores for no-notification, icon-
augmented notification, and text notification in Study 1
(N=15). Error bars represent standard errors.

B STUDY 2
B.1 Quantitative data

The mean performance measures of study 2 are presented in Table 4.
Surprisingly, contrary to study 1, pictogram format yielded a lower
hit rate and similar reaction time than text format, although none
were significant.

C STUDY 3
C.1 Quantitative data

The mean performance measures of study 3 are presented in Table 5.

C.2 Individual NASA-TLX Indices

Figure 15 shows the individual indices for each format x density
combination.

Overall pictogram format had significantly lower task load than
text format. A repeated-measures ANOVA showed significant main
effects (p < 0.05) of format on the overall score, Mental Demand,
Performance Demand, and Effort. With respect to the main effects
of format, pictogram format yielded lower mean values than text
format.

However, except for Performance Demand, there were no sig-
nificant main effects of density. Similarly, there were significant
interaction effects (p < 0.05) only for overall score and Mental
Demand.
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Figure 15: NASA-TLX scores for icongne, icONtwo, textone, and
textswo in Study 3 (N=24). Error bars represent standard er-
rors.

Figure 16: The study 4 route (red arrow) includes the outdoors
and indoors. Map source: OpenStreetMap

D STUDY 4
D.1 The route

Figure 16 shows the route participants took in study 4. Participants
went past three bus stops, five vehicle crossings, and a small park
during outdoor navigation. During indoor navigation, participants
walked through covered buildings.

E PROGRAMMING CODES

Codes for this study can be found at https://github.com/NUS-
HCILab/IconAugmentedNotification. If you encounter any issues
accessing them, please contact the authors.


https://www.openstreetmap.org
https://github.com/NUS-HCILab/IconAugmentedNotification
https://github.com/NUS-HCILab/IconAugmentedNotification
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Table 4: Study 2 performance in dual-task scenario (N = 12). Colored bars show the relative value of each measure for different
notification formats. Here, Icon = icon-augmented notification and Text = transformed text notification.

Measure H F RT Recall Accuracy RTLX Perceived Interruption
Format M SD M SD M SD M SD M SD M SD

Icon 0.938 0.080 0.041  0.061 0.481 0.049 417 1.04 4410 14.72 4792  20.22

Text 0.949 0.045 0.073  0.095 0.481 0.043 413 131 45.66 13.55 50.54 21.00

Table 5: Study 3 performance in dual-task scenario (N = 24). Colored bars show the relative value of each measure for different
format X density combinations.

Measure H F RT

Format M SD M SD M SD

iconone 0.909 0.064 | 0.075 0.109 | 0.490 0.037
icontyo 0.917 0.069 |10.079 0.108 | 0.495 0.055
textone 0.896 0.068 | 0.116 0.130 | 0.494 0.039
textiwo 0.866 0.092 | 0.103 0.134 | 0.493 0.040

Measure Recall Accuracy Noticeability —Understandability RTLX Perceived Interruption
Format M SD M SO M SD M SD M SD

iCONone 4.60 1.25 596 1.12 533 1.20 53.51 14.60 | 48.96 17.88

iCONtwo 471 1.21 6.25  1.03 5.63 1.10 49.38 15.85 | 46.04 18.94

textone 435 1.26 5.50 1.38 496 1.71 55.87 14.83 | 60.96 18.40

textiwo 423 1.06 5.83° 0.96 4.63 1.81 57.99 13.33 | 60.00 19.05
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